In the last few years, the survival of patients with castration-resistant prostate cancer (CRPC) has significantly improved as a result of the development of second-generation androgen deprivation therapies such as abiraterone and second-generation antagonists such as enzalutamide. However, CRPC patients rapidly develop resistance to these drugs, in many cases because of reactivation of the therapeutic target, the androgen receptor (AR) transcription factor. Several mechanisms responsible for AR transcriptional reactivation have been demonstrated, including mutation, amplification, and rearrangement of the AR gene, transcriptional compensation by alternative steroid receptors, and mutation or copy number alteration of genes encoding AR coregulators. In addition, CRPC tumors display elevated expression of truncated AR variants (AR-Vs) that can arise from alternative splicing or underlying AR gene rearrangements. In this review, we discuss general mechanisms of resistance to androgen/AR-targeted therapies, with a focus on the role of AR-Vs in conferring resistance to abiraterone or enzalutamide in CRPC patients. (Endocrinology 158: 1533(Endocrinology 158: -1542(Endocrinology 158: , 2017 P rostate cancer is the most common noncutaneous cancer in men and the second leading cause of cancerrelated deaths in men. Thirteen percent of men in the United States will develop prostate cancer during their lifetime, and an estimated 26,000 US men die of prostate cancer each year (1). When confined to the prostate, local therapies such as surgery and radiotherapy are curative for many men. However, some patients display recurrence of their prostate cancer following surgery or radiotherapy. In 1941, Huggins and Hodges (2) first reported the use of androgen deprivation therapy (ADT) for men with advanced prostate cancer, suggesting a critical role for the androgen/androgen receptor (AR) axis in the progression of prostate cancer. This seminal finding formed the foundation of current ADT regimens for advanced prostate cancer, which consist of chemical castration with a luteinizing hormone-releasing hormone agonist or antagonist and direct inhibition of the AR with competitive antagonist antiandrogens. Although most patients respond to initial ADT, virtually all patients progress to the lethal stage referred to as castrationresistant prostate cancer (CRPC). In this review, we summarize the current knowledge regarding the mechanisms of CRPC resistance to second-generation androgen/AR-targeted therapies, with a focus on AR variants (AR-Vs).
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AR and Mechanism of Androgen Action
The AR is a member of the class I nuclear steroid receptor family, which includes the estrogen receptor, glucocorticoid receptor (GR), progesterone receptor, and mineralocorticoid receptor. The AR gene is located on chromosome X at cytogenetic band Xq11-12 and consists of eight exons encoding for a 110-kDa protein.
Structurally, the modular AR protein contains a long NH 2 -terminal domain (NTD) encoded by exon 1, a DNA-binding domain (DBD) encoded by exons 2 and 3, a short hinge region encoded by exons 3 and 4, and a ligand-binding domain (LBD) at the carboxyl terminus encoded by exons 4 to 8. The main physiological androgens are testosterone and dihydrotestosterone, which exert their actions by binding directly to the AR LBD. Binding of androgen to the LBD induces conformational changes in the protein that expose the nuclear localization signal in the hinge region, resulting in AR nuclear translocation. In the nucleus, androgen-bound AR binds as a dimer to androgen response elements (AREs) located predominantly in genomic enhancer regions and regulates the transcriptional output of androgen-regulated genes ( Fig. 1) .
Mechanisms of Abiraterone and Enzalutamide Action
Abiraterone and enzalutamide are second-generation ADT and antagonist drugs, respectively, that were initially approved for treatment of CRPC following taxane chemotherapy. Because clinical trials showed increased survival of CRPC patients treated with abiraterone or enzalutamide compared with chemotherapy, these drugs are now approved for use in the prechemotherapy setting after failure of first-line androgen/AR-targeted therapy (3, 4) .
The development of abiraterone was based on the finding that testosterone and dihydrotestosterone in tumor tissue from ADT-treated CRPC patients persisted at high levels sufficient to activate AR and its target genes, despite castrate levels of androgens in the circulation (5-7). These tissue androgens were subsequently found to have an intracrine origin, produced from adrenal androgens or cholesterol as precursors. These findings served as the basis for targeting intracrine androgen synthesis with abiraterone, a steroidal inhibitor of the 17a-hydroxylase and 17,20-lyase activities of the CYP17A1 androgen synthesis enzyme expressed in testes, adrenal glands, and prostate cancer cells (8, 9) (Fig. 1 ). Abiraterone has also been shown to be metabolized by 3b-hydroxysteroid dehydrogenase to D 4 -abiraterone, which appears to have a broader spectrum of targets than abiraterone, including direct antagonism of the AR LBD (10, 11) .
Enzalutamide (originally named MDV3100) was developed as a result of the finding that twofold overexpression of AR protein sensitized CRPC cells to castrate levels of androgens and converted firstgeneration AR antagonists such as bicalutamide into weak agonists (12) . Enzalutamide is a competitive antagonist that binds to the AR LBD with higher affinity than bicalutamide and was discovered as a result of highthroughput screening against a cell model engineered to overexpress AR (13, 14) . Binding of enzalutamide to the Figure 1 . A summary of molecular alterations leading to persistent AR signaling that supports castration resistance. In castrationresistant prostate cancer cells, adrenal androgens can be converted to dihydrotestosterone (DHT). DHT binds to AR in the cytoplasm and promotes translocation of AR into the nucleus, where it binds as a dimer to AREs for gene activation or repression. Abiraterone inhibits the androgen steroidogenesis enzyme CYP17A1. Enzalutamide inhibits AR signaling by competing with DHT for binding to the AR LBD. Enzalutamide also inhibits nuclear translocation and binding of AR to AREs. GSR, genomic structural rearrangement.
AR LBD resulted in reduced AR nuclear translocation, impaired genome-wide binding of AR to AREs, and impaired recruitment of coactivators to AR target genes (13, 14) (Fig. 1) .
Mechanisms of CRPC Resistance to
First-and Second-Generation AR-Targeted Therapies CRPC metastases display distinct heterogeneity in terms of molecular landscape and clinical-pathologic features. A recent study examining the genomic features of a cohort of 150 patients with metastatic CRPC demonstrated that the majority of cases (96.4%) displayed typical adenocarcinoma histology, whereas only 2.9% of cases showed the histology of neuroendocrine prostate cancer (NEPC) (15) . NEPC is an aggressive subtype of CRPC that is highly resistant to AR-targeted therapies. Histologically, NEPC is characterized by the expression of neuroendocrine markers, such as chromogranin A and synaptophysin, and reduced or absent AR expression (16) . A biopsy-based study designed to compare the genomic and transcriptomic features of CRPC metastases with NEPC vs adenocarcinoma histology revealed low to absent protein expression levels of AR as well as low to absent activity of the AR transcriptional program in NEPC samples (17) . Conversely, the adenocarcinoma samples displayed high expression levels of AR protein and broad activity of the AR transcriptional program (17) . Because the adenocarcinoma class of CRPC is the most prevalent in patients and these tumors display evidence of active AR, the majority of CRPC studies have focused on elucidating the mechanism accounting for sustained androgen/AR signaling in CRPC. These studies have revealed diverse mechanisms including AR gene alterations, transcriptional compensation by alternative steroid receptors, mutation or copy number alteration of genes encoding AR coregulators, and expression of constitutively active AR-Vs.
AR Gene Alterations
AR amplification is the most common AR gene alteration in CRPC. Grasso et al. (18) performed a whole-exome sequencing (WES) study with CRPC metastases collected during rapid autopsies of a cohort of 50 patients who died of CRPC. Their analyses revealed that 25 of 50 patients (50%) had AR gene amplification (18) . In a larger study of 150 CPRC patients performed by Robinson et al. (15) , WES of bone and soft-tissue metastases collected with biopsies revealed that ;50% of the patients had AR gene copy number gain. In contrast, The Cancer Genome Atlas WES study of 333 primary prostate cancer tissues reported ,1% of cases had AR gene amplification (19) . This supports the concept that AR gene amplification is an adaptive response to ADT. This concept is also consistent with work showing that overexpression of AR protein can sensitize CRPC cells to castrate levels of androgens and can convert antagonists such as bicalutamide into weak agonists (12, 13) .
AR point mutations are also more frequent in CRPC than in primary prostate cancer. For example, both the Grasso et al. (18) and Robinson et al. (15) studies reported somatic AR point mutations in approximately 10% of CRPC tissues, whereas The Cancer Genome Atlas study (19) did not find evidence of somatic AR point mutations in any primary prostate cancer tissues examined. This is also consistent with results of a previous study that performed targeted AR sequencing in a cohort of 181 primary cancers and 37 CRPC metastases, revealing that somatic AR point mutations occurred only in CRPC (20) . These studies have also established that AR point mutations occur more frequently in patients with prior exposure to antiandrogens, with the most common mutations occurring in residues located in the AR LBD. This aligns with mechanistic studies demonstrating that mutations in the AR LBD can confer AR agonist activity to bicalutamide and flutamide, as well as other steroids including glucocorticoids (15) .
In addition to AR gene amplification and somatic point mutations, diverse AR genomic structural rearrangements (AR-GSRs) have recently been reported in CRPC. AR-GSRs are defined as rearrangement events having at least one breakpoint mapping within the AR gene body. In a targeted paired-end DNA-sequencing study of the coding and noncoding regions of the 183-kb AR gene in 30 soft-tissue metastases collected from rapid autopsy of 15 CRPC patients, AR-GSRs were frequent, with 10 of 30 metastases (six of 15 patients) displaying at least one AR-GSR event (21) . AR-GSRs also occurred in two of six locally recurrent CRPC tumors but were not observed in primary prostate cancer (21) . In a separate targeted paired-end DNA-sequencing study with cell-free DNA isolated from the plasma of 30 patients with CRPC, a similar diversity of AR-GSRs was observed in 15 patients (22) . Collectively, these studies support the notion that AR-GSRs are frequent events in CRPC. A challenge going forward will be unraveling the functional outcomes of the diverse deletion, duplication, inversion, and translocation events that have been reported. As discussed later, there is strong evidence that many of these AR-GSR events support stable expression of diverse AR-V species that can mediate constitutive AR transcriptional activity in CRPC cells.
Given that CRPC represents a highly heterogeneous disease stage, several studies have explored AR gene alterations in the context of intratumor and intrapatient heterogeneity. For example, whole-genome sequencing of multiple metastatic sites collected from rapid autopsies of 10 CRPC patients revealed intrapatient heterogeneity wherein independent metastatic sites displayed independently evolving AR gene amplification and/or point mutation events (23) . This heterogeneity was also observed with regard to AR-GSRs, wherein anatomically separate metastases from the same patient displayed distinct AR-GSR events (21) . Adding additional complexity, AR-GSRs can occur in CRPC metastases that also display AR amplification, perhaps at higher frequency than in CRPC metastases displaying AR copy number neutrality (21) . In contrast, a trend toward mutual exclusivity between intratumor AR-GSRs and AR point mutations has been observed (21) . Despite this evidence for intrapatient heterogeneity in AR gene alterations, a recent study by Kumar et al. (24) reported substantial interpatient diversity in the genome-wide alterations occurring in CRPC but limited intrapatient genomic diversity.
Transcriptional Compensation by Alternative Steroid Receptors
Increased expression or activity of other steroid receptors, such as the GR, has been identified as another mechanism of CRPC resistance to AR-targeted therapies. GR expression levels were upregulated in two independent antiandrogen-resistant xenograft prostate cancer models (25) , CPRC metastases (24) , and CRPC cells isolated from bone marrow aspirates of enzalutamide-resistant CRPC patients (25) . In addition to GR, the levels of estrogen receptor and progesterone receptor may be increased in a subset of CRPC metastases (24) . Mechanistically, GR and AR share overlapping genome-wide2binding specificity and ensuing transcriptomes because of a common DNA recognition element (26) . Indeed, in model systems, inhibition of AR led to the upregulation of GR expression in a subset of prostate cancer cells, and activation of GR was sufficient to confer enzalutamide resistance (25) . This study concluded that GR upregulation functions as a bypass mechanism of AR blockade. Another study confirmed these results by demonstrating the efficacy of GR antagonists, including mifepristone, in mitigating the survival of prostate cancer cells conferred by GR activation (27) . The study further suggested that the GR-regulated prosurvival gene SGK1 may mediate the effects of GR in promoting CRPC progression.
Alterations in AR Coregulators
Genomic and transcriptomic alterations in coregulators of the AR pathway are also associated with resistance to AR-targeted therapies in CRPC. For example, mutations in FOXA1, the gene encoding a pioneer factor that facilitates AR chromatin binding and transcriptional activation, occurred at a higher frequency in CRPC [12% (15) ] than in primary prostate cancer [4% (28) ]. Nuclear receptor coactivators 1 and 2, coactivators that enhance transcriptional activity of AR and other steroid receptors, were shown to be overexpressed in 20% of primary prostate cancer and 63% of CRPC (20) . A recent study that examined genomic copy number alterations in circulating tumor cells from 16 patients with CRPC resistant to abiraterone or enzalutamide revealed copy number alterations affecting multiple genes encoding AR coregulators, including copy number gains in FOXA1 (31.25%), NCOA2 (43.75%), and BRD4 (43.75%) (29) . Collectively, these genomic findings underscore the critical roles of AR coregulators in mediating resistance to androgen/AR-targeted therapies, including secondgeneration drugs. There is also a wealth of nongenomic data supporting critical roles for diverse AR coregulators in various stages of prostate cancer development and progression. However, details of these AR coregulators are beyond the scope of this review. Readers are referred to recent reviews on this topic published elsewhere (30, 31) .
The Role of AR-Vs in Resistance to Enzalutamide and Abiraterone in CRPC

Overview of AR-Vs
The first clues to the existence of truncated forms of the AR in prostate cancer originated from studies demonstrating expression of LBD-deleted AR protein species in CRPC 22Rv1 cells arising from calpain-mediated cleavage of the AR hinge region (32) . However, a subsequent study using RNA interference to knock down AR expression in 22Rv1 cells found that two discrete small interfering RNA (siRNA) species blocked expression of full-length and truncated AR species differentially (33) . Because differential siRNA sensitivity was incompatible with a proteolysis mechanism, this led to the hypothesis that alternative splicing was the underlying mechanism. This prompted the use of 3 0 rapid amplification of complementary DNA ends to characterize the 3 0 end of this putative transcript, resulting in discovery of the first AR-Vs. These species were found to harbor the AR NTD and some or all of the AR DBD but lacked the AR LBD by virtue of splicing of an intronic exon harboring an inframe translation stop codon (33) .
Subsequent studies have identified additional AR-Vs from prostate cancer cell lines, xenografts, and tissues from prostate cancer patients, including the frequently expressed AR-V7 (34, 35) . The majority of these AR-Vs share structural similarities with the first reported AR-Vs, harboring the same NTD/DBD domains as the full-length AR but lacking the LBD because of alternatively spliced 3 0 terminal exons. These structural properties are expected to yield constitutively active, ligand-independent forms of the AR. In line with this, most AR-Vs that have been interrogated functionally display constitutive transcriptional activity (33, 36, 37) , although some AR-Vs have been reported as conditionally active (38) . On the basis of these findings, a priority has been to understand the mechanisms underlying AR-V expression in prostate cancer. As discussed next, important AR gene rearrangement2dependent and alternative splicingdependent mechanisms have emerged in recent studies.
Gene rearrangement2dependent AR-Vs
Perhaps the best-characterized mechanism underlying AR-V expression in CRPC is structural rearrangement of the AR gene, also termed AR-GSR. For example, the first cell line model (22Rv1) in which AR-Vs were discovered and functionally validated was found to harbor a 35-kb intragenic tandem duplication containing AR exon 3 as well as several of the 3 0 terminal cryptic exons (CEs) expressed in AR-Vs (39) . This tandem duplication included AR exon CE3, the 3 0 terminal exon of AR-V7 that is highly expressed in these cells (39) . A subsequent study in the LuCaP 86.2 xenograft model revealed an 8579-bp genomic deletion of AR exons 5-7, which provided a mechanism for synthesis of the truncated ARv567es AR-V in this model (40) . This putative causal link between AR-GSRs and AR-Vs was confirmed in a subsequent study that used genome engineering to delete AR exons 5, 6, and 7 in a prostate cancer cell line. This deletion led to a switch in AR expression from full-length AR to ARv567es, which was constitutively active and resistant to enzalutamide (41) . The associations between AR-V expression in CRPC and underlying AR-GSRs were further strengthened by the findings that expression of AR-V7 in the CWR-R1 cell line was linked to a 48-kb deletion in AR intron 1 (40) and that ARv567es expression in the LuCaP 136 xenograft was linked to genomic inversion of a segment of the AR gene harboring AR exons 5, 6, and 7 (41) .
The association between AR-GSRs and AR-Vs has recently been extended to clinical tumors. In addition to remarkable diversity in the breakpoint locations and rearrangement classes that have been reported for ARGSRs in CRPC (21, 22) , AR-GSRs also display varying degrees of clonal enrichment in individual tumors.
Importantly, tumors displaying AR-GSRs with high clonal enrichment were all found to express unique ARGSR2dependent AR-Vs (21). These AR-Vs harbored the AR NTD/DBD core, were constitutively active, and could support ligand-independent growth when expressed in prostate cancer cells (21) . This raises a scenario where individual patients with CRPC are likely to express unique AR-V species due to unique AR-GSRs and where these key events would go undetected with existing targeted measurement strategies. This argues that unbiased methods are needed for studies seeking to capture the full contributions of AR-GSRs and AR-Vs to therapeutic responses in CRPC.
AR splicing variants
Another mechanism proposed for AR-V expression in prostate cancer is alternative splicing, although this mechanism has been investigated only for AR-V7. For example, pharmacologic suppression of AR gene transcription in VCaP and LNCaP95, two prostate cancer cell lines positive for AR-V7, led to decreased expression of AR-V7 messenger RNA (mRNA) as well as full-length AR mRNA (42) . Additionally, treatment of these cells with enzalutamide, which is known to increase transcription of the AR gene (43), led to increased expression of AR-V7 and full-length AR mRNA. These findings led to the conclusion that AR-V7 expression was linked to the transcription rate of the AR gene. Indeed, enzalutamide treatment in VCaP cells resulted in increased recruitment of the splicing factors ASF/SF2 and U2AF65 to the 3 0 splice recognition site of AR exon CE3, the 3 0 terminal exon of AR-V7. Moreover, siRNA knockdown of these splicing factors significantly reduced expression of AR-V7 in both VCaP and LNCaP95 cells, although these manipulations also reduced expression of fulllength AR. Taken together, these data suggest that ADT-induced AR gene transcription and the subsequent recruitment of splicing factors to AR pre-mRNA contribute to AR-V7 splicing in prostate cancer cells. However, as elaborated in the following section, AR gene amplification may be an important contributing factor in this mechanism. In line with this, VCaP cells displayed high-level amplification of the AR gene (40), and increased AR gene copy number was associated with increased AR-V7 mRNA expression in CRPC metastases (21) .
AR-Vs in CRPC progression
One intriguing result from genomic and transcriptomic studies of clinical specimens is that the relative ratios of AR-Vs such as AR-V7 as a function of overall AR expression are not significantly changed in CRPC metastases compared with primary prostate cancer or even nonmalignant prostate tissue (15) . Nevertheless, there appears to be a strong clinical correlation between AR-V7 expression and CRPC progression. How can this be the case? One explanation may be AR gene amplification, which appears to promote increased expression of full-length AR and AR-V7 but may not affect the relative expression ratios of these species (21) . For example, RT-PCR analysis of AR-V7 mRNA levels in a cohort of prostate cancer patients revealed higher expression of AR-V7 in CRPC than in hormone-naive prostate cancer (36) . Subsequent studies demonstrated that high levels of AR-V7 mRNA expression or nuclear AR-V7 protein expression in metastatic CRPC tissues was associated with CRPC progression during therapy with enzalutamide and abiraterone as well as with shortened overall survival (44) (45) (46) . Although these differences in AR-V7 expression levels may be explained by AR gene amplification, there is great interest in evaluating the utility of AR-V7 and perhaps other AR-Vs as predictive biomarkers of treatment response. These efforts are discussed in more detail in following sections.
Functional Role of AR-Vs in Resistance to Abiraterone and Enzalutamide in CRPC
Functional evidence supporting roles for AR-V7 and other AR-Vs as drivers of resistance to abiraterone and enzalutamide has been derived mainly from CRPC cell line models expressing high levels of endogenous AR-V7. In this regard, it is important to keep in mind that many of these models also harbor underlying AR-GSRs. Therefore, data from these models may be relevant only to clinical CRPC, where AR-V expression is driven by AR-GSR events, and not cases where AR-Vs are expressed at much lower levels because of alternative splicing. On the other hand, data from models where expression of AR-V7 is not linked to underlying AR-GSRs, such as the ARamplified VCaP cell line, may be more relevant to clinical specimens that are AR amplified but AR-GSR negative.
In 22Rv1 cells, which harbor an underlying AR-GSR (39), siRNA-mediated knockdown of AR-V7 inhibited ligand-independent cell growth and restored sensitivity to enzalutamide, suggesting that AR-Vs are sufficient for resistance to enzalutamide in 22Rv1 cells (47) . This was confirmed in a study by Cao et al. (48) , which showed that 22Rv1 cells were more responsive to enzalutamide treatment both in vitro and in vivo after knockdown of AR-V7. In CWR-R1 cells, which represent another ARGSR2positive cell model expressing high levels of AR-V7 (40), cell growth was found to be androgen independent and enzalutamide resistant. However, cell growth was inhibited by knockdown of AR-V7 (47).
In contrast to these AR-GSR2 and AR-V72positive models, VCaP cells are AR-GSR negative but AR-V7 positive. These cells may better reflect AR-V7 expression in clinical CRPC, where AR-V7 levels are associated with AR copy number (21) . In this regard, it is important to note that growth of VCaP cells remains sensitive to treatment with enzalutamide (13) . This may be explained by the observation that even under castrate conditions, AR-V7 mRNA expression levels are approximately 1% of full-length AR expression levels in VCaP cells (49) . Nevertheless, siRNA-mediated knockdown of AR-V7 in VCaP cells reduced androgen-independent expression of AR transcriptional targets by approximately 30%, indicating some degree of AR-V7 function. On the basis of these findings, it was hypothesized that acute increases in AR-V7 expression in response to androgen/AR-targeted therapies may maintain a basal level of AR transcriptional activity to support cell survival. However, these levels of transcriptional activity are not sufficient to drive growth of CRPC tumors that remain AR dependent (49) . This finding contrasts with data from a model of enzalutamide-resistant LNCaP cells, which display higher levels of AR-V7 and full-length AR expression than parental LNCaP cells do. In this model, Yamamoto et al. (50) demonstrated that an antisense oligonucleotide inhibiting expression of both full-length AR and AR-V7 had indistinguishable effects on cell growth compared with an antisense oligonucleotide that inhibited full-length AR only. These data suggest that in enzalutamide-resistant LNCaP cells, full-length AR remained the main driver of persistent AR signaling (47, 50) . Collectively, this work points to highly contextdependent roles for AR-Vs as functional drivers of CRPC resistance to AR-targeted therapies. Focused studies are needed to address whether underlying AR-GSR and/or AR gene amplification events could be the basis for this context dependence.
AR-Vs as Predictive Biomarkers of Resistance to Abiraterone and Enzalutamide
Although biopsies of CRPC metastases have been important for understanding the molecular landscape of genomic and transcriptomic alterations occurring at this disease stage, this method of tissue sampling presents logistic challenges for biomarker development. Therefore, there has been substantial focus on developing methods and assays for examining circulating tumor cells (CTCs) as well as cell-free DNA and RNA in the blood of patients with CRPC. Compared with conventional biopsies, these methods are noninvasive and can be performed longitudinally to reflect dynamic changes in tumor evolution. Moreover, considering the genomic heterogeneity between discrete metastatic sites in individual patients, CTCs and/or cell-free DNA and RNA may provide a more comprehensive profile of the burden of genomic and transcriptomic alterations of the metastases.
Predictive Utility of AR-V Detection in CTCs
Most of the studies on AR-Vs in CTCs have been based on measuring mRNA levels of AR-Vs by reverse transcription-polymerase chain reaction or RNAsequencing approaches. For example, a single-cell RNA-sequencing study of CTCs demonstrated that 33 of 73 CTCs isolated from 13 CRPC patients expressed at least one type of AR-V, with AR-V7 being the most abundant AR-V detected (26 of 73 CTCs) (51) . In addition, ARv567es was detected in 18 of 73 CTCs, which is intriguing because ARv567es has been consistently linked to AR-GSRs involving exons encoding the AR LBD (21, 40, 41) . Expression of other AR-Vs, such as AR-V1, AR-V3, and AR-V4, was observed in seven of 73 CTCs (51) . Remarkably, 13 of 73 CTCs displayed expression of more than one type of AR-V in this study.
Because of this high frequency of detection, AR-V7 has been investigated by numerous groups as a potential predictive or treatment-selection biomarker for CRPC patients who have failed first-line androgen/AR-targeted therapies and are candidates for therapy with secondgeneration androgen/AR-targeted therapies. In a study of 62 CRPC patients by Antonarakis et al. (52) , AR-V7 mRNA was detected in the CTCs of 19% of patients who were selected to receive therapy with abiraterone and 39% of patients selected to receive therapy with enzalutamide. The presence of AR-V7-positive CTCs correlated with lower prostate-specific antigen (PSA) response rates, shorter progression-free survival, and reduced overall survival in both treatment groups (52) . In a study by Steinestel et al. (53) , the presence of AR-V7 mRNA in CTCs correlated with the metastatic status of the disease. Moreover, a significant correlation was found between the presence of AR-V7 in CTCs and the number of prior therapies that the patients had undergone. This agrees with results from another study showing that conversions from AR-V7-negative to AR-V7-positive CTCs occurred in some CRPC patients during treatment with abiraterone or enzalutamide, although it should be noted that conversions occurring in the opposite direction were also observed (54) .
Growing evidence has supported a role for AR-Vs in determining response/resistance to first-and second-line taxane chemotherapy in prostate cancer. For instance, in contrast to the finding that patients with AR-V7-positive CTCs were more likely to display progression during therapy with abiraterone or enzalutamide, Antonarakis et al. (55) reported that the presence of AR-V7 in CTCs was not associated with resistance to taxane chemotherapy. This finding was consistent with results from a cohort of 29 CRPC patients initiating cabazitaxel therapy, for whom the detection of AR-V7 mRNA in CTCs was not associated with clinical outcomes in terms of CTC and PSA response rate, progression-free survival, and overall survival (56) . Furthermore, the Antonarakis et al. study (55) found that patients with AR-V7-positive CTCs prior to therapy had better clinical outcomes when treated with taxane chemotherapy than when treated with abiraterone or enzalutamide. This concept was confirmed in a study by Scher et al. (57) , who examined nuclear expression of AR-V7 protein in CTCs from 161 CRPC patients initiating antiandrogen therapy or taxane chemotherapy. In this study, patients who displayed AR-V7-positive CTCs prior to therapy exhibited superior clinical outcomes with taxane chemotherapy compared with ARtargeted therapies. Collectively, these studies suggest that the presence of AR-V7 in CTCs may serve as a treatment-selection biomarker favoring docetaxel and cabazitaxel chemotherapy over AR-targeted therapies for CRPC patients. This concept needs to be tested in large prospective biomarker-based trials.
Predictive Utility of AR-V Detection in Blood
In addition to AR-V detection in CTCs, the presence of AR-7 mRNA in whole blood has been evaluated as a biomarker of resistance to ADT in CRPC patients. For example, Del Re et al. (58) reported the development of a sensitive digital droplet polymerase chain reaction method to interrogate plasma-derived exosomal RNA from a cohort of 36 CRPC patients receiving therapy with abiraterone or enzalutamide. They found that patients with a positive digital droplet polymerase chain reaction signal for AR-V7 mRNA in exosomal RNA had shorter survival than patients who were negative for AR-V7 mRNA. In a similar study involving a larger cohort of 132 CRPC patients initiating therapy with abiraterone or enzalutamide, increased levels of PSA and AR-V7 mRNA transcripts in blood were associated with shorter time to treatment failure and shorter overall survival (59) . Finally, Todenhöfer et al. (60) examined the levels of AR-V7 mRNA transcripts as well as several AR target genes in the whole blood of CRPC patients treated with abiraterone. They found that among the mRNA transcripts tested, only the detection of AR-V7 was associated with inferior clinical outcomes.
Conclusions
Widespread clinical use of second-generation androgen/ AR-targeted therapies has improved the survival of CRPC patients while also underscoring the critical role of sustained AR signaling under conditions of AR-targeted therapy. Resistance to abiraterone and enzalutamide occurs through various mechanisms and represents a contemporary clinical challenge. Understanding the nuances of these resistance mechanisms and developing specific assays to monitor or predict their occurrence are expected to reveal new insights into CRPC biology and lead to the development of new therapies for CRPC. This opportunity is being exploited to interrogate AR-Vs in CRPC, which have been linked in multiple studies to clinical resistance to abiraterone and enzalutamide. Although recent efforts have focused on monitoring AR-V7 in CTCs or blood of CRPC patients, there are myriad ARVs with clinical relevance that have not been captured in these studies. This is true especially for patient-specific AR-Vs that arise from underlying AR-GSR events. Regardless of successes with these biomarker approaches, it remains unclear whether detection of AR-Vs such as AR-V7 reflects an AR-V-driven resistance mechanism or reflects high overexpression of AR. In cases where AR-Vs are driving resistance, the molecular structure of AR-Vs represents a therapeutic challenge that cannot be overcome with current drugs. Therefore, the development of inhibitors that selectively target AR-Vs will be important in complementing current treatment regimens for patients with CRPC. In addition, understanding the specific contexts in which AR-Vs are functioning as the main transcriptional drivers of AR signaling will be important for appropriate design of future clinical trials with these therapeutics.
